Any process simulation in polymer engineering is based on conservation equations, which refer to
INTRODUCTION
Computer simulations are already state-of-the-art for analyzing and optimizing flow processes. Computational fluid dynamics (CFD) allows for detailed insight into fluid machinery and flow channels, even if they can no longer be described by analytical methods or real experiments. Thereby, comprehensive knowledge about the running process is delivered and enables to recognize and rectify problems. Additionally, improvements and adaptations can be made before any part is produced. Hence, CFD significantly contributes to fast and cost-effective planning and the design of tools and machines.
Furthermore, CFD-simulations are widely used in polymer processing. Especially the process of injection molding is an important representative of this field. Even the melting of polymeric materials in an extruder is increasingly focused on by researchers, but not yet state-of-the-art.
For the simulation of all these processes, the flows are usually described by coupled, nonlinear, partial differential equations, the so called equations of balance. Below, the five conservation equations of mass (1) , momentum (in x-, y -and z -direction) (2) and energy (3) are depicted. They are given in conservation form, i. e. for stationary control volumes in Cartesian coordinates. 
The simulation of polymer melt flows under creeping flow conditions (Re≪1) bases on the reduced equations of balance.
Since the conservation equations can so far be solved analytically only for some exceptional cases, they must normally be calculated numerically [1] . Therefore, the fluid volume to be analyzed is divided into a discrete number of finite control volumes (discretization) and the conservation equations are formulated for each of these elements. The differential equations are approximated by a system of algebraic equations, which is solved iteratively by the CFD-Solver [2] . The numerical calculation delivers an approximate solution at discrete points in room and time for the searched five quantities, which describe a fluid flow. This includes the fluids velocities in the three room directions, which are summarized in the velocity vector v ̅=[u v w] T , the pressure p and the temperature T . Additional quantities can be derived from these.
With the full equations of balance the movement of any viscous, isotropic fluid can be described (at least theoretically). In this context, full means that the flow can be represented time-dependent and that it considers any detail such as the formation of vortexes and turbulences. In practice, the calculations normally do not refer to the full equations of balance, since the high degree of complexity requires an extremely high level of computing power and leads to inacceptable long computing times. Furthermore, the full equations of balance are not required for many technical applications. Thus, depending on the particular application and in regard to the fluid, simplified assumptions, idealizations and boundary conditions are made. Thereby, the conservation equations can be shortened and simplified, which in consequence decreases the accuracy of the obtainable results [1] [2] [3] [4] .
The characteristics of any flowing medium like viscous polymer melts are integrated into the equations of balance solely by the coupling with materialdescribing equations [3, 4] . Obviously, the material model itself and its quality are particularly important since any simulation result is influenced by these material data. Normally, these data are detected by current measuring methods under customary standard conditions and are usually valid for narrow temperature ranges only. However, a decisive adjustment of the measurement conditions to the process to be simulated is imperative because depending on the considered process, plastics show significant differences in their processing behavior. Therefore, we propose a procedure to gain consistent material data in regard to the polymer process. For this purpose, the measuring methods and their influences on the generated rheological and thermodynamic material data are described in general. Accordingly, the developed and implemented approach for gaining a consistent material model for semi-crystalline thermoplastic melts is shown. It is conceivable that the discussed aspects apply analogously for amorphous thermoplastics; but this type of thermoplastics are not focused in this paper. Further considerations and suggestions to improve the presented approach are also given.
The material properties are usually not constant and depend on the target variables pressure p, temperature T as well as the flow velocities v ̅ respectively the calculable shear rate γ̇ deriving therefrom. These dependencies must be empirically determined and described by mathematical models [3] . For pure fluid flows, a specification of constant material parameters or the description of the material behavior for high temperature ranges often are sufficient. For representation of melting processes, for instance in an extruder, or for the solidification of melt inside an injection mold, this is not satisfactory. Models which represent much larger temperature intervals are required. Normally, for this purpose, measured material data are stored in tabular form and material properties are determined by interpolation. Another method is the formulation of mathematical functions describing the material´s behavior.
Various measuring methods, typically running at very slow heating and cooling rates, as well as mathematical models for the characterization and description of a materials behavior exist. Some popular models, like the Carreau-WLF model for the viscosity formulation, have been established in science and are already implemented in nearly every standard CFD software, so that the user in principle has all necessary tools to work with. However, it can be observed that these models have hardly been expanded for a long time and thus only include the most obvious dependencies and influences, which are temperature and shear rate for viscosity and sometimes temperature and/or pressure for thermodynamic properties. Thus, for further improvements in simulation techniques, more dependencies need to be considered. However, the most important aspect is the consideration of process-oriented cooling and heating rates. These rates need to be focused to get realistic material data, which are essential for reliable simulation results. Special attention is given to this topic in this paper.
The physical properties of plastics mainly depend on the binding forces acting between the molecules. These correlate with the distance of the polymer chains to each other, which is based on the so-called Brownian molecular motion because not only atoms and low molecular weight molecules oscillate more and more with increasing energy, but also macromolecules. Therefore, the temperature is merely a measurement of the molecular motion, but not for the distance between them. At low temperatures, the molecular motion is inhibited and the position of the macromolecules to each other is frozen. With an increase in temperature, however, the molecules increasingly start to oscillate and it comes to a disentanglement of the molecular chains. With sufficient mobility, the molecules can also move apart from each other to leave the effective range of the secondary valence forces of their neighboring molecules. The material passes into the molten state [5, 6] .
A phase change is a process that is dependent on the movement of mass and thus time-dependent. Therefore, the distinction between solid and melt cannot be exclusively based on the prevailing material temperature. The direction (cooling or heating) and the dynamic processes influence the phase change significantly.
For this reason, the crystallinity of a polymeric solid body can be influenced by use of the cooling rate at which the melt is cooled down in the dimensionally stable state. By rapid cooling, the period within which the Brownian motion of molecules is sufficiently pronounced to form crystalline structures, is shortened. The molecular motion is suppressed, even before the crystal structures have completely formed. This forms a lower number of less stable crystals. Here, the molecular motion does not follow the rapid cooling and the material solidifies in thermodynamic disequilibrium at a reduced solidification temperature. The result is a metastable structure [7, 8, 9 ].
This situation is addressed in connection with the cooling of a melt in almost any basic literature. The influence of high heating rates on the melting process has remained completely unnoticed for a long time, although melting as a reversal of solidification also is a dynamic, time-dependent process and various analogies to cooling exist. Thus, Rahal describes in [10] that at high heating rates, a time-delayed melting of plastics takes place. The temperature range in which the plasticizing expires, is larger and shifts to higher temperatures. Comparable to the fast cooling, the exchange processes of the molecules are not fast enough to follow the rapid temperature changes. Although the material has reached its melting temperature, it has not yet completely melted. The effects of high heating rates also inevitably lead to completely new properties of the plastics to be processed and ultimately to entirely different dynamic, timedependent heating and melting processes.
It is easy to understand that a consideration of process oriented cooling and heating rates is imperative to use for the material description in CFD simulations. Although the effects described above are well known, they are
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Characterization of Phase Change Processes
The thermodynamic material data play an important role in simulating any polymer process. Thereby, phase change processes can be described. Especially, the specific enthalpy h has to be focused on. The specific enthalpy describes the heat content at a defined temperature. This property cannot be measured absolutely, but has to be referred to a reference which is normally set to room temperature [6] . The measurement of the specific enthalpy can be done via differential scanning calorimetry (DSC). Depending on the heating as well as on the cooling rate, it can be differentiated between standard and ultra-fast scanning DSC-instruments (F-DSC). Both operate with a specific amount of the material in a crucible or at a measuring area at a chip (complete, miniaturized DSC [9]) and a reference (an empty crucible or chip). For each measurement, the crucibles are exposed to a controlled temperature program. Because of the heat capacity of the material sample, a continuous temperature difference between the crucibles respectively chips can be detected with area thermocouples. The heat flow results as a device specific answer. The temperature difference is transferred into the change in enthalpy by integration of the heat flow as a function of time (displayed in dependence of temperature) respectively balanced with an additional heater. The heating power is set equally to the change in enthalpy [11] . If the rise or decrease in temperature causes a phase transformation or structural change, typical deflection of the measurement is visible. Melting processes call for latent heat supply (i. e. heat supply without detecting a rise in temperature = endothermic peak T pm [12] ) whereas crystallization processes require a dissipation of heat (fall in temperature without heat supply = exothermic peak T pc [12] ). After finishing the phase change process, the temperature will increase again for melting processes and the measured temperature decrease once more correlates with the set temperature program for crystallization processes respectively. For a correct calculation of any polymer process where melting or crystallization processes take place, the knowledge of the progression of the enthalpy from room to the maximal arising melt temperature is essential. Since it is known that the specific enthalpy is dependent on the measurement rate [11] , processoriented heating and respectively cooling rates should be used. The combination of DSC and F-DSC enables this or, to be more precise, the extrapolation to the relevant rates. As a result, the measurements permit the knowledge about dynamic melting or cooling processes.
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During a DSC measurement, the heating, respectively cooling rates are normally set to 10 K min ⁄ [12] . The measurement sample is heated/cooled so slowly that it is always in a thermodynamic equilibrium. In the F-DSC this rates can be increased up to 40,000 K s ⁄ [9, 13] and represent realistic temperature change rates as well as the dynamic behavior of the material. To realize measurements at these relevant rates, the material sample has to be minimized from a few miligram to nanogram.
The schematic drawing in Figure 1 , representing measurement results above the glass transition temperature, indicates the typical characteristics of an enthalpy measurement result displayed over time for semi-crystalline thermoplastics. It reveals a linear positive slope for pure solid (from solid to the beginning of the phase change and additionally for pure melt (from the end of the phase change to the end of the considered temperature range). Only in the temperature interval of the phase change process itself, where the semicrystalline structure is dissolved/formed, a nonlinear connection can be detected. Since, in simulation programs, the specific heat capacity is used instead of the specific enthalpy, this material property is also included in the drawing. It can be stated that the specific heat capacity can be gained easily by the differentiation of the specific enthalpy as a function of temperature. The arising peak represents the temperature where most of the semi-crystallines are formed/dissolved. To illustrate the influence of heating/cooling rates on the temperature interval of the phase change process, as well as on the rate of the melting and crystallization processes, the resultant peaks implicate two different heating respectively cooling rates. The influence of the rates is obvious, since a phase change is a process which is dependent on the movement of matter and therefore needs time. The increase/decrease of energy caused by the heating/cooling process influences the movement of molecules and the physical attraction forces. These forces define whether an ordered, semi-crystalline structure is dissolved or formed. Hence, a shift of the measured melting peak can be detected. This is caused by the thermal history, which causes a frozen metastable (potential of crystallization is mostly not fully developed because of the fast cooling), morphological structure. Reorientation and/or coldrespectively post-crystallization before melting [8, 9, 14] can be detected. The more this takes place (small heating rates), the more energy is needed to melt the crystals, thus shifting the peak temperature to higher temperatures. With increasing the heating rates, these effects are suppressed. As a result, there are less crystalline structures to dissolve and the peak temperature may decrease. As the heating rates are increased further, the reorientation is suppressed and the dissolution of the crystalline structures cannot follow the temperature increase. Since this is not a thermodynamic stable equilibrium, the material melting is delayed and the melting starts at higher temperatures. In contrast to the effects of fast melting, faster cooling leads to a shift to lower crystallization temperatures [15, 16] . Since the temperature decrease followed by a phase change in the material takes time, the span between on-and endset of the transformation processes is increased, but the value of the heat flow/specific heat capacity is decreased.
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For heating and cooling, the effect of pressure increase can be summarized as the shift towards higher temperatures due to decreased entropy [17] .
With the nonlinear area of the enthalpy function, resulting by differentiation in a melting/freezing peak area with characteristic temperatures (begin of melting/end of crystallization, peak, end of melting/begin of crystallization) of the specific heat capacity, the dynamic phase change process, with heating/cooling rates corresponding to the polymer process, can be described.
Thus, by use of F-DSC-instruments, the phase change process can be investigated and necessary process information can be determined for realistic heating/cooling rates, which represent the process that is to be simulated. To formulate a consistent material model (with the same phase change temperature intervals between the thermodynamic material properties), the knowledge gained on the melting/freezing dynamics through thermal analyses now need to be implemented into the measurements of any, especially thermodynamic, material data, which are normally not generated under process-relevant fast measuring rates.
"Converting" Heating/Cooling Rates
Any measuring method is restricted to work at a device-specific maximum heating/cooling rate. Thus, the measurement results are dependent on these rates, which are typically below the process-relevant rates and are inconsistent between the measuring methods. Thus, a method to adjust the rheological and thermodynamic measuring results regarding the phase change, which is the most important characteristic in any flow simulation, to a process-realistic heating/ cooling rate is needed. A procedure based on the Meltfraction, which is determined by the measuring method with the highest heating rates between the methods, the F-DSC results, is presented. The formulation of this mathematical equation to describe the material behavior is universal, so that any heating/cooling procedure or process can be simulated. In dependence of the temperature and the temperature gradient, it can be differentiated between solid, melt and a mixture of both states. Thereby, a continuous transition between these states prevents any numerical instabilities in the CFD calculation caused by the material model.
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Meltfraction
By using the F-DSC, heating and cooling curves describing the phase change realistically can be measured. Thereby, the start and end temperature of the phase change temperature range are characterized by the onset and endset temperatures of the phase change area/peak. The peak itself represents the temperature of the highest rate of change. This information can be converted into a mathematical function that describes the percentage fraction of melt in a control volume depending on the temperature. This function is referred to as Meltfraction MF(T)(4) and provides corresponding values between 0 for pure solid and 1 for pure melt. It is a purely mathematical description, which is exclusively used for fitting measured curves of all relevant material properties for CFD simulations [18] . It is used to superimpose the material behavior of a pure solid and a pure melt according to their percentage shares, in order to assess the properties of a mixture of the two phases. This allows the convenient calculation of consistent material properties over a wide temperature range, which is absolutely necessary for the simulation of processes during the melting/solidification of plastics.
The Meltfraction, calculated by equation (4), is based on the hyperbolic tangent to describe the nonlinear phase change process. Here, T is the mass temperature and T M the melting temperature. Since the phase change between solid and melt starts continuously and expires within a characteristic temperature range, T M can also be understood as the temperature at which a latent heat supply respectively removal prevails. Thus, T M specifies the location of the temperature range of the phase change and the point of greatest slope of MF(T) (Figure 2 ). It corresponds to the peak temperature Tp measured with the F-DSC. With the aid of the Transition Scaling Factor TS and the Melt-Shift Factor MS, the contour of the phase transition can be modeled further, so that start and end temperature in the Meltfraction function match with the on-and endset from the measurements. These characteristic temperatures are exemplified for a fast cooling process. The results of slower cooling as well as the difference to heating processes of the enthalpy function and the resultant Meltfraction according to the characteristic temperatures functions, can additionally be found in the schematic drawing. 
Consistent Material Model
Since the material behavior of all thermodynamic properties of a pure solid or a pure melt can usually be described by simple mathematical functions, such as linear equations, these properties can be determined by the use of the established measurement methods for conventional heating/cooling rates. As already described in the preceding section, the characteristic temperatures of the phase change process can be determined by the DSC and F-DSC, in dependence of the measuring rate. This results in the formulation of the described Meltfraction function, which is dependent on the temperature and heating/cooling rate. The transition area is then modeled by superposition of solid and melt with the Meltfraction as a weighting function. Since the Meltfraction function represents a characteristic heating/cooling rate, this information is transmitted to the curve runs of the respective material properties. Thereby, the material behavior is adjusted to the appropriate heating/cooling rate, although the measured values have been determined under standard conditions. Figure 3 illustrates the relation between the transition interval, which is modelled with the Meltfraction function as a weighting function and thus consistent not only with the enthalpy function on which the Meltfraction is based but also with the specific heat capacity, the specific volume and the thermal conductivity for heating/cooling. The characteristic temperatures (basis to form the Meltfraction function) for a relatively low cooling rate are indicated exemplarily. For higher rates, the relation remains but the transition interval changes according to the course of the Meltfraction function.
In the following sections, the way to gain this consistent material model in dependence of process-relevant rates is described. Therefore, the mathematical description is given in general to avoid repetitions. The results are not presented in general at this point, but specified explicitly for different example measurements in the following sections.
Journal of Plastics Technology 12 (2016) 6 528 
EXAMPLE-MEASUREMENT
As an example for the appropriate measuring in consideration of the processrelevant heating/cooling rates and the resulting Meltfraction function, the results to constitute a consistent material model dependent on the process rate of a low density polyethylene (PE-LD) and a polypropylene homopolymer (PP) are presented. PE-LD is a typical extrusion material also used in the high-speed extrusion process, where high melting rates occur as a result of elevated screw speeds of at least 400 min -1 [19] . The PP is measured and the results prepared in respect of the injection molding process, where high cooling rates result, especially at the barrier layer, i.e. between the cold tool wall and the hot melt. The approach is explained in detail by means of the results of the PE-LD. In avoidance of repetitions, the following results of the PP are illustrated in less detail.
Heating Process: High-Speed-Extrusion
In the extrusion process, the necessary enthalpy increase to melt the polymer is mainly caused by dissipation. This depends highly on the shearing of the material and consequently, a strong relationship between screw speed and heating rate is existent. The mathematical context is as follows: The volume specific dissipation can be calculated as the product of viscosity η(γ̇,T) and the square of the shear rate γ̇. If the density ρ(T) is considered additionally, the mass specific dissipation P Diss.,m (γ̇,T) can be calculated. If heat losses are neglected, the mass specific dissipation P Diss.,m (γ̇,T) corresponds to the enthalpy increase Δh per time. As a result, the enthalpy increase Δh, which can be found in the enthalpy diagram (DSC measurement), correlates directly with a temperature increase ∆T. Hence, a relation of mass-specific dissipation and the hereby caused temperature increase per time unit, which is the heating rate β m , originates (see equation 5).
If the left part of this equation is rearranged after Δt, the result inserted in the expression on the right and the temperature increase ∆T described by the difference between the resulting melt temperature and the initial temperature (ambient temperature if the material is not pre-heated), the heating rate β m (γ̇,T) can be formulated as a function of shear rate γ̇ and temperature T (6).
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The distribution of shear rate and temperature varies within every screw flight because the complex flow and the condition in an extruder are exposed to continuous changes. Thus, the heating rate is also a heterogeneous field. As a result, the heating rate is dependent on the location of contemplation. If the process is vastly simplified, the level of a representative heating rate β rep.m can be estimated. For this estimation, the point in time in melting and the strongly sheared thin melt film between solid bed and the contact surface towards the barrel are considered only. The hot melt film is in direct contact to the solid bed. An equilibrium between melt and solid bed results at the contact surface area. Since the outer solid face only is relevant during melting, heat conduction can be neglected, if an ideal contact is assumed. The thickness of this melt film grows until it is equal to the radial screw clearance between screw flights and the barrel. If this screw clearance is exceeded, the melt is caught by the flights and removed out of the observed area. Based on this assumption, the thickness of the melt film δ Film is set to the amount of the screw clearance. The shear rate can be approximated for any given screw diameter in dependence of the screw speed according to [20] with equation (7).
After the insertion of equation (7) into equation (6) the representative heating rate can be calculated in dependence of the screw speed and the evoked melt temperature according to equation (8).
For an extruder with diameter D=35 mm and a processing temperature of 220 °C respectively a screw speed of 800 min -1 , a representative heating rate of 12,000 K/s results. Under these conditions and process-relevant heating rates, it is obvious that the normally used measuring rates of 0.167 K/s do not reflect the dynamic material behavior. (2016) 6 531 interconnected with a sensor-chip via repeated, short-term heating with heating rates of 10 K/s. Subsequently, it is exposed to a defined temperature profile: a repeated heating with increasing heating rates of 10-1,000 K/s , a short term holding phase of the temperature so that the sample has melted completely and then cooled to the ambient temperature with a cooling rate of 10 K/s. The holding phase and the constant small cooling rates guarantee that the thermodynamic state after a measuring period is always the same and that any heating curve refers to the same probe with the equivalent initial state. Figure 4 shows the endothermic heat flow for the PE-LD with heating rates of 100-1,000 K/s. All curves can be subdivided into two linear parts and a peak. The linear parts mark the continuous heating of the sample with constant heat supply, the peak describes the temperature range of the melting process. The black, dotted line accentuates the position of the peak in the diagram. At low heating rates (β m <100 K/s) the peak moves with increasing heating rates towards slightly lower temperatures, at higher heating rates this effect is reversed. The beginning of the melt process can be detected at around 90 °C and seems to be independent of the heating rate. At increasing heating rates, the end of the melting process moves to enormous higher temperatures. The enlargement of the transition zone is not only a result of the delayed melting behavior but also determined by the instrument; e. g. the influence of the heat conduction, which is not reduced since polymers are bad heat conductors and the connection between sample and temperature sensor is not ideal. The so called thermal lag arises [8] . This is why the heating rates cannot be increased arbitrarily. By reducing the sample mass, a reduction of the thermal lag is
Journal of Plastics Technology 12 (2016) 6 532 practically not possible, because it has already been reduced to a few nanograms. The heating rate range with reliable measuring results account for 1,000 K/s; i. e. is still much smaller than the expected process-relevant heating rate of 12,000 K/s. Thus, there is no alternative than an extrapolation of the measurement results to the relevant rates and to deduce for the relevant operating point, the required shift of the melt temperature interval. According to [8, 16] , this shift of the melt peak T pm (β m ) can be described with a Power-Lawcourse with equation (9), if reorganization and recrystallization effects can be excluded.
In dependence of the heating rate, there are sufficient measurement results to find a curve fit for the mentioned function. The unknown parameters are determined by means of Matlab R2013 to T pm 0 =99.26 °C and A=0.3628√°C•s. With this information, it is possible to calculate peak temperatures also for heating rates which cannot be measured with the F-DSC. For the reference state it is T pm (12,000 K/s )≈140 °C. The end temperature of the phase change was determined via numerous CFD-simulations with varying end temperatures. These results can be compared to a real experiment. If the simulated melting process corresponds to the found Meltfraction distribution along the screw, the last missing parameter, the end temperature, is set. Here, it is 220 °C. For further and more detailed information, please refer to [18] . Subsequently, the Meltfraction function (4) is adapted to the shifted melting area. The parameter T M match with the calculated T pm (12,000 K/s )≈140 °C . The width and the course of the Meltfraction function are influenced by the scaling factors, so that the phase change from solid to melt is described by the interval of 90 °C to 220 °C. 
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Figure 5: Course of the Meltfraction function for low (measured) and high heating rates β m (extrapolated via F-DSC)
In Figure 5 , the Meltfraction functions, determined by results of a standard DSC, and the results, which have been extrapolated on the basis of the F-DSC measurements, can be compared.
The change in the Meltfraction function also affects the other material properties like viscosity (WLF-shift), specific enthalpy, specific heat capacity, specific volume and thermal conductivity. Naturally, the phase change process is reflected at the same temperature range. For this reason, these material parameters can be described as a weighting function of the Meltfraction function, which itself is a superposition of solid and melt characteristics. The Meltfraction function prevents any inconsistencies between the temperature ranges of the phase change process of the different material properties.
The viscosity η(γ̇,T) can be described with the well-established Carreauapproach, by means of modified WLF-temperature-shift-factor ã T according to equation (10) . A represents the zero-viscosity, B the transition to the shear thinning decrease and C the gradient of the shear thinning behavior. For reasons of simplicity and instead of choosing a complex description for suspended crystallites, the decadic logarithm of the modified WLF-shift-factor can be calculated according to equation (11) as the superposition of a constant maximum shift for pure solid (MF=0), which is not dependent on the temperature, and the well-known WLF-temperature-shift (12) for pure melt (MF=1) in dependence of the Meltfraction function. The maximum values of the solid and melt are shown as black dotted lines in Figure 6 . Additionally, the modified shift factor for a slow and fast heating process is depicted. With increasing temperature, the melt fraction also increases and the modified shift
Journal of Plastics Technology 12 (2016) 6 534 factor decreases abruptly since the viscosity decreases strongly. For pure melt (MF(T)=1), the modified WLF-shift matches up with the classical one. This mathematical description provides a very good description of the data and has shown a good practicability in the past. It can be used for semi-crystalline as well as amorphous thermoplastics. The WLF-approach provides a good accuracy for both cases [21] . The principle to describe the enthalpy function is the same as for the viscosity. Hence, the course for pure solid as well as pure melt can be calculated according to (13) with a linear, temperature dependent function (black dotted lines in Figure 7 ) and weighted by the Meltfraction function (14) . Figure 7 shows a continuous curve progression. Since the specific heat capacity, being the differentiation of the specific enthalpy, is more often used in material models, Figure 8 represents the result for the heating rate at standard measuring conditions and the process-realistic heating rate. The decrease in Journal of Plastics Technology 12 (2016) 6 535 specific heat capacity as well as the widening of the temperature interval in which the melting takes place can be seen. If the specific volume of a semi-crystalline polymer is displayed over temperature, a curve progression like the specific enthalpy results (referring to Figure 9 ). Thus, the procedure to model the specific volume is the same. The volume of a material changes above and below the melting temperature interval nearly linearly; solely the slope changes [6] . Therefore, the specific volume is modeled as a superposition of the linear equation for solid and melt (15) . Since the increase in volume is not only caused by melting of the material but also by thermal expansion, the weighting is based on Meltfraction MF (T) and the exponent ES (expansion shift) (16) . In case of an unbalanced temperature distribution, a heat flow which is proportional to the temperature gradient results. The proportional factor is the thermal conductivity. It is a result of two effects. With increasing temperature, the thermal conductivity increases as a consequence of intensified movement of the chain molecules. Conversely the thermal conductivity decreases since the increase in specific volume results in a reduction of the bonding forces and the probability of the collision of molecules. Due to the impaired transmission of the chain vibration, also the thermal conductivity is reduced [6] . In the phase change region, the temperature-dependent thermal conductivity decreases
Journal of Plastics Technology 12 (2016) 6 537 because crystalline conducting structures get lost. In the melt, the improved movement of the molecules dominates the increased volume. In Figure 10 , this case is shown for the PE-LD for both heating rates. Thereby, the thermal conductivity is calculated by a separation between solid and melt (black dotted lines in Figure 10 ) and additional superposition. The thermal conductivity for the solid is approximated with a bell-shaped curve according to equation (17) . The temperature T λ,S determines the position of the peak. The height and width of this bell-shaped curve can be varied by the scaling factors HS λ,S and WS λ,S . The linear increase of the thermal conductivity above the melt region is described by equation (18) . Therefore, m λ,L represents the slope and n λ,L the intercept. Since the procedure is executed consequently, both characteristics are superposed by the Meltfraction (19). As a result, a comprehensive and numerical robust material model exists. It is convenient to make use of it, because the phase change process for all material data is only dependent on the Meltfraction function.
Cooling Process: Injection Molding
In an injection molding process, hot melt is injected into a mold and cooled down until the material is solidified. Thus, the material data to describe this process has to take these circumstances into account. When the melt touches the cold steel tool wall for the first time, the highest cooling rates occur. In the literature, cooling rates of up to 3,000 K/s [22] can be found. An increase of melt flowing into the cavity causes a decrease of the cooling rate; meaning that also in this polymer process relatively high cooling rates are prevalent, which vary over time as well as location. Hence, in CFD-simulations, material data, depending on the locally existent cooling rate, should be taken into account.
Since the procedure to describe the high-speed extrusion process (heating process) which has been presented in detail in the preceding section is a universal one, it can as well be used to determine a material model in respect of the injection molding process (cooling process). Since injection molding processes are only simulated until a so-called no-flow temperature is reached, the consideration of a modified WLF-shift factor as presented for melting in the previous section is not needed. Due to this, the results which constitute a consistent thermodynamic material model on the basis of the Meltfraction function for PP as a typical injection molding material, are summarized in Figure  11 - Figure 15 . Here, a comparison between the measurement results under standard conditions and a process-relevant cooling rate (1,000 K/s) is shown. The determined Meltfraction function for the process-relevant cooling rate is as well extrapolated on the basis of the F-DSC results, which are determined during fast cooling. Hence, the results confirm the described tendencies, i. e. higher cooling rates cause a phase change at lower temperatures. The processrelevant dependency of the specific volume on the pressure is not presented, but can be considered as a combination of the continuous Meltfraction function and the generally used modified 2-domain Tait-approach, which is incapable to describe a steady phase transition between melt and semi-crystalline solid during cooling. 
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CONCLUSION AND OUTLOOK
In this paper a developed approach to formulate a consistent material model in dependence of the process-relevant rates is presented. This is based on the Meltfraction function, which is an approach depending on a continuous, hyperbolic tangent. The Meltfraction function describes the phase change between solid and melt or vice versa as a superposition of these in dependence of the process-relevant heating/cooling rates. Therefore, the F-DSC method was used to determine the extrapolation to higher rates. Once the Meltfraction function is known, it can be used as a weighting function to describe the temperature interval of the continuous phase change process homogenously between the different material data. Thus, the material model is no longer dependent on various measuring methods (i.e. inconsistencies and processirrelevant (slow) heating/cooling rates can be prevented). Additionally, the mathematical description based on this weighting function enables a smooth and thus realistic description of the transition between solid and semi-crystalline phase change, respectively semi-crystalline phase change and melt. This is true for all rheological and thermodynamic material data. Therefore, a consistent material model with mandatory, continuous material data for process simulation is existent. This prevents numerical instabilities.
In summary, the developed material model on the basis of the Meltfraction function is an excellent and reliable tool. Since it permits the parallel consistent, rheological and thermodynamic representation of solid and melt in one 
